Abstract Recently, we showed that administration of the angiotensin-converting enzyme inhibitor enalapril to aged rats attenuated muscle strength decline and mitigated apoptosis in the gastrocnemius muscle. The aim of the present study was to investigate possible mechanisms underlying the muscle-protective effects of enalapril. We also sought to discern the effects of enalapril mediated by nitric oxide (NO) from those independent
of this signaling molecule. Eighty-seven male Fischer 344 ×Brown Norway rats were randomly assigned to receive enalapril (n023), the NO synthase (NOS) inhibitor N G -nitro-L-arginine methyl ester (L-NAME; n022), enalapril + L-NAME (n0 19), or placebo (n023) from 24 to 27 months of age. Experiments were performed on the tibialis anterior muscle. Total NOS activity and the expression of neuronal, endothelial, and inducible NOS isoforms (nNOS, eNOS, and iNOS) were determined to investigate the effects of enalapril on NO signaling. Transcript levels of tumor necrosis factoralpha (TNF-α) and peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α) were assessed to explore actions of enalapril on inflammation and mitochondrial biogenesis, respectively. Protein expression of energy-sensing and insulin signaling mediators, including protein kinase B (Akt-1), phosphorylated Akt-1 (pAkt-1), mammalian target of rapamycin (mTOR), AMP-activated protein kinase subunit alpha (AMPKα), phosphorylated AMPKα (pAMPKα), and the glucose transporter GLUT-4, was also determined. Finally, the generation of hydrogen peroxide (H 2 O 2 ) was quantified in subsarcolemmal (SSM) and intermyofibrillar (IFM) mitochondria. Enalapril increased total NOS activity, which was prevented by L-NAME co-administration. eNOS protein content was enhanced by enalapril, but not by enalapril + L-NAME. Gene expression of iNOS was down-regulated by enalapril either alone or in combination with L-NAME. In contrast, protein levels of nNOS were unaltered by treatments. The mRNA abundance of TNF-α was reduced by enalapril relative to placebo, with no differences among any other group. PCG-1α gene expression was unaffected by enalapril and lowered by enalapril + L-NAME. No differences in protein expression of Akt-1, pAkt-1, AMPKα, pAMPKα, or GLUT-4 were detected among groups. However, mTOR protein levels were increased by enalapril compared with placebo. Finally, all treatment groups displayed reduced SSM, but not IFM H 2 O 2 production relative to placebo. Our data indicate that enalapril induces a number of metabolic adaptations in aged skeletal muscle. These effects result from the concerted modulation of NO and angiotensin II signaling, rather than from a dichotomous action of enalapril on the two pathways. Muscle protection by enalapril administered late in life appears to be primarily
Introduction
With age, several derangements occur in the skeletal muscle that ultimately contribute to physical performance impairment (Buford et al. 2010) . Among the biological factors involved in the disabling process, alterations in the renin-angiotensin system (RAS) are indicated as potential contributors (Carter et al. 2004) . Indeed, the RAS is involved in the promotion of muscular inflammation, oxidative stress, and apoptosis, all of which are implicated in the deterioration of physical performance with aging (Carter et al. 2005) . Notably, treatment with the angiotensin converting enzyme (ACE) inhibitor enalapril improves whole body insulin sensitivity as well as mitochondrial mass and function in the liver, kidney, and myocardium of aged rats Ferder et al. 1998 Ferder et al. , 2002 de Cavanagh et al. 2003) . These adaptations are achieved independently of reductions in blood pressure and may be secondary to improvements in nitric oxide (NO) signaling (de Cavanagh et al. 2011) .
NO is a pleiotropic cell signaling molecule synthesized from L-arginine, NADPH, and oxygen by the NO synthase (NOS) class of enzymes (Alderton et al. 2001) . NOS exists in at least three isoforms: neuronal (nNOS), endothelial (eNOS), and inducible (iNOS) (Alderton et al. 2001) . All three isoforms are expressed in skeletal muscle, and each of them may produce specific effects on insulin sensitivity, oxidative stress, apoptosis, and inflammatory processes (Kobzik et al. 1994) . The biological actions of NO are dependent upon its steadystate tissue concentrations and subcellular site of production, which in turn are linked to the isoform(s) of NOS expressed (Villanueva and Giulivi 2010) .
Canonical signaling by NO involves the activation of soluble guanylate cyclase, the generation of cGMP, and the activation of specific kinases (Martínez-Ruiz et al. 2011) . NO can also induce posttranslational modifications (e.g., S-nitrosylation, S-glutathionylation, and tyrosine nitration) in target molecules (Martínez-Ruiz et al. 2011) . Finally, NO can modulate mitochondrial oxygen consumption, with important implications for cell respiration, redox homeostasis, and intermediary metabolism (Martínez-Ruiz et al. 2011) . Within mitochondria, NO competes with oxygen for the substrate-binding site of cytochrome c oxidase (complex IV), the final electron acceptor of the electron transport chain (ETC) (Carreras and Poderoso 2007) . Low levels of NO-mediated ETC inhibition induced by eNOS and or nNOS may be beneficial, by dispensing oxygen to cells at varying distances from blood vessels and by reducing oxidant generation (Thomas et al. 2010) . Within skeletal myofibers, this mechanism could optimize oxygen repartition between subsarcolemmal (SSM) and intermyofibrillar mitochondria (IFM). In contrast, sustained NO production by iNOS is detrimental by causing extensive ETC inhibition, enhanced free radical production, nitrosative damage, and induction of apoptosis via cytochrome c release (Haynes et al. 2003) .
The complexity of NO signaling is reflected in mice with disrupted levels of both eNOS and nNOS (Shankar et al. 2000) . These rodents exhibit insulin resistance, weight gain, and reduced mitochondrial biogenesis and energy expenditure. Conversely, targeted disruption of iNOS appears to be protective, in that iNOS-null mice do not become insulin resistant, while displaying increased adiposity (Perreault and Marette 2001) . Interestingly, amelioration of nNOS activity improves muscle strength and exercise tolerance in a mouse model of muscular dystrophy (Lai et al. 2009 ). Finally, NOS inhibition via the administration of N G -nitro-L-arginine methyl ester (L-NAME) in rats results in the loss of skeletal muscle mass and reduction of myofiber crosssectional area, with subsequent decrease in walking speed (Wang et al. 2001) . Based on these findings, it is therefore proposed that NO signaling possesses a dual effect, such that excessive NO production through iNOS leads to insulin resistance/cell death, while lower amounts of NO generated by eNOS and/or nNOS promote cell survival and metabolic control.
Besides their effects on NO signaling, ACE inhibitors may also preserve skeletal muscle viability and function through the abrogation of angiotensin (ANG) IIdependent activation of nuclear factor κB (NF-κB) ). This effect has been attributed to reduced production of ANG II or increased generation of ANG-(1-7) (Iyer et al. 1998; Benter et al. 2011) . Indeed, exposure of L6 myotubes to ANG II increases the activity of NF-κB, resulting in enhanced production of tumor necrosis factor-alpha (TNF-α) and decreased insulin sensitivity . Notably, TNF-α, besides impairing insulin signaling, also promotes muscular protein breakdown and myocyte apoptosis, thereby playing a central role in age-related muscle wasting . It is worth noting that NO and TNF-α signaling can influence one another, with TNF-α being a potent inducer of iNOS (Nussler and Billiar 1993) , while elevated NO concentrations exacerbate TNF-α-mediated cellular injury (Horton et al. 2000) . These findings link inflammation, oxidative stress, and NOS isoform expression with both cell death and cell survival pathways.
In a recent study, we reported that late-life administration of enalapril reduced whole body adiposity and attenuated both the extent of apoptotic DNA fragmentation and the activation of mitochondrial caspasedependent apoptotic signaling in rat gastrocnemius muscle (Carter et al. 2011) . These biochemical changes were accompanied by attenuation of muscle strength decline, in the absence of any sizeable hypertrophic effect, suggesting that enalapril improves muscle quality rather than increasing muscle mass. Therefore, the present investigation was undertaken to identify possible mechanisms underlying the muscle-protective effects of enalapril. We also sought to discern the effects of enalapril mediated by NO from those independent of this signaling molecule. We postulated that enalapril would ameliorate insulin sensitivity, stimulate mitochondrial biogenesis, reduce the generation of oxidants by mitochondria, and decrease pro-inflammatory signaling in skeletal muscle of aged rats. Furthermore, we hypothesized that enalapril would modulate the activity of NOS in muscle by favoring the expression of isoforms that promote a lower steady-state concentration of NO (i.e., nNOS and eNOS) and by concomitantly reducing iNOS expression. The NOS inhibitor L-NAME was employed to identify actions of enalapril mediated by NOdependent and independent mechanisms.
Materials and methods

Animals
Eighty-seven male Fischer 344 × Brown Norway (F344BN) F1 hybrid rats were purchased from the National Institute on Aging Colony at Harlan Industries (Indianapolis, IN, USA). This rat strain was chosen because of its increased longevity and decreased cumulative lesion incidence as compared with other breeds (Lipman et al. 1996) . Furthermore, F344BN rats develop agerelated body composition changes (i.e., increase in adiposity and decrease in lean body mass) resembling those occurring during human aging (Rice et al. 2005) . Animals were received at 22 months of age and housed individually on a 12-h light/dark cycle in a specific pathogen-free facility accredited by the American Association for Accreditation of Laboratory Animal Care. Health status, body weight (BW), and food intake were monitored daily. All experimental protocols were approved by the University of Florida's Institutional Animal Care and Use Committee.
Experimental design R a t s w e r e r a n d o m l y a s s i g n e d t o r e c e i v e 20 mg kg
from 24 to 27 months of age. This timeframe corresponds to a critical window in the aging process, during which males of this strain continue to gain fat mass while simultaneously losing muscle mass (Rice et al. 2005) . Drug delivery was accomplished by compounding treatments into bacon-flavored food tablets (Bio-Serv, Frenchtown, NJ, USA). Placebo-containing food tablets were identical to those delivering enalapril and/or L-NAME, except that the drug was omitted. Drug-and placebo-containing tablets were administered separately from standard chow. Drug doses were adjusted daily according to the animal's weight. All rats consumed the whole treatment tablet at each meal.
Determination of plasma ANG I and ANG II and serum ACE activity Two randomly chosen rats from different groups were sacrificed daily by rapid decapitation. Trunk blood was immediately collected in pre-chilled tubes containing peptidase inhibitors (25 mM EDTA, 0.44 mM 1,2-orthophenanthroline monohydrate, 1 mM sodium parachloromercuribenzoate, and 3 μM of the rat renin inhibitor WFML-1). These inhibitors were used to prevent ANG I generation and the conversion of ANG I into ANG II (Kohara et al. 1991) . Angiotensin peptides were extracted from plasma using C18 Sep-Pak ® columns (Waters, Milford, MA, USA), and the eluate analyzed by radioimmunoassay for ANG I and ANG II (Kohara et al. 1991) . The intra-and inter-assay coefficients of variability were 12 and 22 % for ANG I and 8 and 20 % for ANG II, respectively. Serum ACE activity was determined according to the method described by Lieberman (1989) with modifications. Briefly, serum samples (10 μL) were incubated with 100 μL HEPES buffer containing the synthetic ACE substrate [ 3 H]-Hip-GlyGly (pH 8.0) for 60 min at 37°C. The reaction was terminated by acidification with 50 μL 1 N HCl, and [ 3 H]-hippuric acid released by ACE separated from unreacted substrate by extraction with the Ultima Gold™ F scintillation cocktail (PerkinElmer, Waltham, MA, USA). This separation procedure relies on the fact that the reaction product is soluble in the scintillation fluid, whereas the substrate is captured in the aqueous phase. The quantity of [ 3 H]-hippuric acid released, corresponding to the enzyme activity, was calculated from the radioactivity of a measured known mass of unhydrolyzed peptide and expressed as nanomole per milliliter per minute. The intra-assay variation was 3.9 % and the inter-assay variation averaged 5.9 %.
Determination of whole body glucose tolerance
Rats were fasted overnight before receiving an intraperitoneal glucose load of 3.0 g kg −1
. Blood was sampled by tail nick prior to glucose loading and 30, 60, and 120 min after. Blood glucose levels were determined using an Accu-Chek ® glucose meter (Roche Diagnostics, Indianapolis, IN, USA), while serum insulin was measured via an ELISA kit (Linco Research, Inc., St. Louis, MO, USA) with a sensitivity of 0.2 ng mL -1 and an inter-assay coefficient of variability of 6.9 %. Glucose and insulin values are reported as area under the timeconcentration curve for 120 min following glucose loading (AUC 0-120 ). The homeostasis model of assessmentinsulin resistance (HOMA-IR) index of insulin sensitivity was calculated by applying the formula: pg fasting serum insulin mL -1 ×mg fasting glucose dL -1 ×0.424.
Isolation of skeletal muscle mitochondrial subpopulations
IFM and SSM were extracted from the tibialis anterior (TA) muscle according to the procedure described by Servais et al. (2003) . As previously shown by our group (Hofer et al. 2009 ), this protocol allows for the isolation of high-quality, well-functioning mitochondria. The TA muscle was chosen because it undergoes significant atrophy over the course of aging (Clavel et al. 2006) . Protein concentration was determined using the method developed by Bradford (1976) , and freshly isolated IFM and SSM immediately utilized for analyses.
Measurement of mitochondrial hydrogen peroxide (H 2 O 2 ) production H 2 O 2 production was quantified in both IFM and SSM according to the method described by Barja (2002) , adapted to a 96-well microplate format, as detailed elsewhere (Hofer et al. 2009 ). This method is based on the conversion of homovanillic acid (HVA) into a fluorescent dimer (312 nm excitation/420 nm emission) by horseradish peroxidase (HRP) in the presence of H 2 O 2 . Briefly, freshly isolated IFM and SSM (0.1 mg mL -1 ) were incubated in assay buffer (145 mM KCl, 30 mM HEPES, 5 mM KH 2 PO 4 , 3 mM MgCl 2 , 0.1 mM EGTA, 0.3 % fatty acid-free BSA, pH 7.4 at 37°C), followed by the addition of HRP (1.2 U), HVA (100 mM), and 2.5 mM glutamate/2.5 mM malate. Samples were incubated for 15 min at 37°C in a light-protected microplate incubator placed on a microplate rotator. Fluorescence was determined with a SpectraMax Gemini XS fluorometer (Molecular Devices, Sunnyvale, CA, USA Weissman and Gross (2001) . Briefly, frozen TA muscle samples were powdered in liquid nitrogen and homogenized in 50 mM Tris-HCl buffer containing 0.1 mM EDTA, 0.1 mM EGTA, 1 mM phenylmethylsulfonyl fluoride, 1.0 μg mL -1 leupeptin, and 10 μM calpain inhibitor (pH 7.4). Sample aliquots (100-200 μg of protein) were incubated in 50 mM Tris-HCl buffer (pH 7.4) containing 0.1 mM EDTA, 0.1 mM EGTA, 0.5 mM DTT, 1 mM NADPH, 100 nM calmodulin, 10 μM tetrahydrobiopterin (BH4) 3 H]-citrulline eluted was quantified by liquid scintillation counting. NOS activity determined in the gastrocnemius muscle from the first placebo control rat was used to normalize TA NOS activity in all samples. Procedures for protein extraction and enzymatic activity measurement for the internal control sample were identical to those described for TA. The specific activity of NOS is expressed as L-[ 3 H]-citrulline formed and reported as percent of the placebo group, the value of which was set to 100 %.
Western blot analysis TA muscle whole tissue extracts were obtained as described previously (Marzetti et al. 2008b ) and used to determine the protein expression of nNOS, eNOS, protein kinase B (Akt-1), phosphorylated Akt-1 (pAkt-1), AMP-activated protein kinase subunit alpha (AMPKα), phosphorylated AMPKα (pAMPKα), mammalian target of rapamycin (mTOR), and the glucose transporter GLUT-4, by western blot analysis. Electrophoresis and immunoblotting were carried out as detailed elsewhere (Marzetti et al. 2008b ). Primary antibodies employed were mouse monoclonal anti-eNOS (1:1,000; BD Transduction Laboratories, San Jose, CA, USA), mouse monoclonal anti-nNOS (1:500; BD Transduction Laboratories), and mouse monoclonal anti-Akt-1, pAkt-1, AMPKα, pAMPKα, GLUT-4, and mTOR (1:1,000; all from Cell Signaling Technology, Beverly, MA, USA). An anti-mouse HRP-conjugated antibody (1:2,500; Affinity Bioreagents, Golden, CO, USA) was used as the secondary antibody. Generation of the chemiluminescent signal, digital acquisition, and densitometry analysis were performed as described elsewhere ).
Quantitative real-time polymerase chain reaction (qRT-PCR)
To determine the relative gene expression of iNOS, peroxisome proliferator-activated receptor gamma coactivator 1-alpha (PGC-1α), and TNF-α in TA muscle samples, qRT-PCR analysis was performed. Isolation of total RNA and cDNA synthesis were carried out as detailed elsewhere (Marzetti et al. 2008a ). qRT-PCR was performed using an ABI 7300 real-time PCR system (ABI, Foster City, CA, USA). Primers were designed with the on-board software Primer Express 3.0 (Table 1) . The Power SYBR green PCR Master Mix (ABI) and ABI universal cycling conditions were employed, as previously described (Xu et al. 2012) . All samples were examined in triplicate, with the placebo group used as the calibrator. Negative controls (no template and no reverse transcriptase) were also included and run in triplicate. Differences in gene expression were determined by the 2 −ΔΔCT method (Livak and Schmittgen 2001) , with β-actin as the housekeeping gene. The expression of β-actin was unvarying among the experimental groups (data not shown).
Statistical analysis
All analyses were performed using Sigma Plot/Stat 11.0 (San Jose, CA, USA). For each variable, oneway analysis of variance (ANOVA) was employed to assess the effects of treatment across the four groups (placebo, L-NAME, enalapril, and enalapril + L-NAME). For the glucose tolerance test, a two-way ANOVA for repeated measures was used to determine both the main effect of treatment and the interaction between treatment and time (post-glucose injection -:0, 30, 60, and 120 min). When needed, post hoc analyses were performed using the Student-NewmanKeuls test. All data are presented as mean ± standard error of the mean (SEM), with significance set at p< 0.05.
Results
Whole body measurements
Morphological and physiological characteristics of experimental animals Changes in BW, expressed as percent difference between 27 and 24 months of age, were assessed to determine if L-NAME itself affected BW and if NOS blockade prevented weightlowering by enalapril. As previously reported (Carter et al. 2011) , enalapril reduced BW by approximately 4 % (p00.045 vs. placebo), which was modestly attenuated when combined with L-NAME (p00.07 vs. placebo; Fig. 1 ). TA muscle wet weight was not different across groups (data not shown). All rats experienced a decrease in food intake over time (p00.03 vs. baseline), with no differences among treatments (data not shown).
Plasma ANG I and ANG II levels and serum ACE activity Circulating RAS peptide levels and ACE activity were determined to verify if L-NAME interfered with the ability of enalapril to act systemically. As shown in Fig. 2a , serum ACE activity was reduced by enalapril independent of L-NAME (p<0.05 vs. placebo and L-NAME). As expected with long-term ACE inhibition, a significant increase in ANG I (p<0.001 vs. placebo and L-NAME; Fig. 2b ) and marginal changes in ANG II levels were detected in the circulation (Fig. 2c) . L-NAME alone or in combination with enalapril did not significantly impact any of these measures.
Glucose tolerance Glucose homeostasis is marginally impaired in aged F344BN rats (Larkin et al. 2001) . In the present study, glucose tolerance was not altered by any treatment. Neither peak blood glucose concentrations nor AUC 0-120 was affected by enalapril and/or L-NAME (p00.57; Fig. 3 ). Fasting serum insulin is elevated in aged F344BN rats (Larkin et al. 2001 ), but was not affected by any treatment in the present study (data not shown). Similarly, the HOMA-IR index was unaltered by the interventions (p00.69; data not shown).
Whole tissue analyses
NOS activity A significant treatment effect was detected (p<0.0001; Fig. 4) . The Student-Newman- Keuls post hoc analysis revealed that NOS activity was increased by enalapril relative to placebo (p< 0.01). This effect was prevented by L-NAME cotreatment. NOS activity in rats that received L-NAME either alone or in combination with enalapril did not significantly differ from the placebo group. These data show for the first time that in vivo administration of enalapril increases NOS activity in skeletal muscle, an effect that is prevented by L-NAME co-treatment.
Analysis of NOS isoforms
Western blot analysis was used to determine protein levels of nNOS and eNOS in TA muscle samples. For iNOS, which is mainly regulated at transcription, qRT-PCR was employed to explore differences in gene expression among experimental groups. Protein levels of nNOS tended to be higher in rats treated with enalapril compared with placebo, but the effect was not statistical significant (p00.13; Fig. 5a ). eNOS protein expression was increased by enalapril (p0 0.016 vs. placebo; Fig. 5b ), which was prevented by L-NAME co-treatment. Administration of L-NAME alone slightly reduced eNOS protein content relative to placebo (p00.011). Finally, iNOS gene expression was down-regulated by enalapril either alone or in combination with L-NAME (p<0.05 vs. placebo and L-NAME; Fig. 5c ). L-NAME alone tended to increase the mRNA abundance of iNOS relative to placebo, but this change was not statistically significant (p00.068). These data show for the first time that in vivo enalapril administration affects the expression of NOS isoforms in muscle of aged rats by reducing iNOS and simultaneously upregulating eNOS expression.
Markers of inflammation and mitochondrial biogenesis qRT-PCR was employed to determine relative gene expression levels of TNF-α and PCG-1α in TA muscle samples. Specifically, the mRNA abundance of TNF-α was quantified to assess levels of inflammation. PCG-1α transcript levels were measured as an index of mitochondrial biogenesis. As shown in Fig. 6a , TNF-α gene expression was down-regulated by enalapril relative to placebo (p00.042), with no differences among any other treatment group, suggesting a NO-dependent antiinflammatory effect of this ACE inhibitor. The mRNA abundance of PCG-1α was unaltered by enalapril and L-NAME individually, but decreased when the two compounds were administered in combination relative to all other groups (p<0.05; Fig. 6b ).
Muscular energy-sensing and insulin signaling pathways Western immunoblotting was employed to quantify the expression of several proteins associated with myocyte energy-sensing and insulin signaling (phosphorylated and total Akt-1, phosphorylated and total AMPK-α, and GLUT-4). These mediators are responsive to changes in inflammation, oxidative stress, and NOS activity (Jornayvaz and Shulman 2010) . As show in Table 2 , no significant differences in the expression of Akt-1, pAkt-1, AMPKα, pAMPKα, or GLUT-4 were detected among experimental groups. Fig. 1 Percent changes in body weight relative to baseline across experimental groups. P placebo, L L-NAME, E enalapril, E+L enalapril + L-NAME. *p<0.05 vs. placebo and L-NAME. n019-23/group. Data are mean ± SEM Fig. 2 Serum ACE activity (a) and plasma ANG I (b) and ANG II (c) levels across experimental groups. P placebo, L L-NAME, E enalapril, E+L enalapril + L-NAME. n015/group. *p<0.05 vs. placebo and L-NAME. n019-23/group. Data are mean ± SEM Subsequently, we measured the protein expression of mTOR; however, due to tissue limitation, this determination was only possible in enalapril and placebo groups. mTOR is down-regulated in skeletal muscle with age and up-regulated by exercise or chronic overload in old rats and humans (Chale-Rush et al. 2009; Mayhew et al. 2009; Rennie 2009; Pasini et al. 2012) . Furthermore, mTOR is a negative regulator of insulin signaling in myocytes (Ge et al. 2011 ). In our study, mTOR protein levels were significantly increased by enalapril (p00.048 vs. placebo; Fig. 7 ).
Isolated mitochondrial measures: H 2 O 2 production
No differences in IFM H 2 O 2 production were observed among groups (data not shown). As depicted in Fig. 8 , all treatment groups displayed reduced SSM H 2 O 2 production relative to placebo (p<0.05). These findings are similar to those previously reported in kidney mitochondria of aged rats after enalapril administration (de Cavanagh et al. 2003) and highlight the complicated interplay between NO bioavailability and mitochondrial H 2 O 2 production.
Discussion
In the current set of studies, we tested the hypothesis that treatment with the ACE inhibitor enalapril started late in life would mitigate several adverse age-related changes in skeletal muscle, including increased oxidative stress and pro-inflammatory signaling, reduced insulin sensitivity, and diminished mitochondrial biogenesis. In addition, we sought to establish whether these effects occur through NO-dependent or independent mechanisms. Results are discussed in the context of systemic, mitochondrial, and whole tissue effects.
Systemic effects
As expected with long-term enalapril treatment, decreased ACE activity and increased ANG I levels were observed in the circulation, with modest changes in ANG II levels (Fig. 2a-c ). L-NAME had no effect on any of these measures, indicating that NOS inhibition did not interfere with the upstream RAS peptide synthesis pathway. Circulating ANG II levels remain substantially unchanged after 3 months of enalapril treatment (Fig. 2c) . This finding is consistent with the "ACE escape" phenomenon, that is the restoration of baseline ANG II levels after protracted ACE inhibition through alternative pathways (van de Wal et al. 2006) . Circulating ANG II levels were higher, although nonsignificantly different, in rats treated with enalapril + L-NAME relative to all other groups. This finding, together with the higher scattering of ANG II data under enalapril + L-NAME, may imply that the "ACE escape" could have occurred to a greater extent and with higher variability across animals with chronic NOS blockade. The possibility that NO signaling might be involved in the "ACE escape" phenomenon deserves further investigation. The effect of long-term ACE inhibition on other components of the RAS such as ANG II receptor subtypes is less predictable. Indeed, unchanged (Wu et al. 1994) , decreased (Wilson et al. 1988; Schmeisser Fig. 3 Glucose tolerance across experimental groups. n019-23/group. Data are mean ± SEM Fig. 4 NOS activity in the tibialis anterior muscle across experimental groups. P placebo, L L-NAME, E enalapril, E+L enalapril + L-NAME. *p<0.05 vs. placebo, L-NAME, and enalapril + L-NAME. n09-10/group. Data are mean ± SEM and are presented as percent of the placebo group (100 %) Reuter et al. 2006) , or increased levels (Wilson et al. 1988; Amiri et al. 1999 ) of either type 1 or type 2 ANG II receptors have been reported, depending on the tissue and cell type studied (e.g., brain, vascular endothelium or smooth muscle, kidney, circulating monocytes), ACE inhibitor tested, duration of treatment, and experimental model. However, treatment effects on ANG II receptor expression were not evaluated in the present study. Further investigation is needed to address the effect of chronic ACE inhibition on the distribution of ANG II receptors in skeletal muscle at old age.
No changes in whole body glucose tolerance were observed following enalapril administration (Fig. 3) , despite opposite reports in the literature, albeit mostly in young animals (Santos et al. 2009; Weisinger et al. 2009 ). The failure of enalapril to improve insulin responsiveness in our system may derive from the fact that insulin sensitivity is only modestly impaired in aged F344BN rats. Indeed, in this rat strain, the glucose infusion rate during hyperinsulinemic-euglycemic clamping is reduced by 20 % between 8 and 18 months of age, with no further decrease by 28 months (Larkin et al. 2001) . Moreover, fasting plasma insulin is elevated by 43 % at 18 months, with no further increase by 28 months (Larkin et al. 2001 ). Finally, GLUT-4 expression in the gastrocnemius muscle is decreased by 25 % between 18 and 28 months of age (Larkin et al. 2001) . Collectively, these observations suggest that age-related changes in insulin/glucose homeostasis in the circulation do not always correlate with those observed at the tissue level.
Muscular mitochondrial effects
H 2 O 2 production by SSM was reduced with both ACE and NOS inhibition (Fig. 8) , indicating a NO-dependent event. A similar adaptation was observed in renal mitochondria of rats treated with enalapril (de Cavanagh et al. 2003) and may be attributed to a complex interaction between ACE inhibition and NO signaling affecting the function of the ETC, the expression of uncoupling protein-2, and oxidant scavenging by manganese- Fig. 5 Protein levels of nNOS (a) and eNOS (b) and relative gene expression of iNOS (c) in the tibialis anterior muscle across experimental groups. P placebo, LL-NAME, E enalapril, E+L enalapril + L-NAME. *p<0.05 vs. placebo; ‡p<0.05 vs. L-NAME; §p<0.05 vs. enalapril + L-NAME. n012/group. Data are mean ± SEM Fig. 6 Relative gene expression of TNF-α (a) and in the tibialis anterior muscle across experimental groups. P placebo, L L-NAME, E enalapril, E+L enalapril + L-NAME. *p<0.05 vs. placebo; ‡p<0.05 vs. L-NAME; §p<0.05 vs. enalapril. n012/group. Data are mean ± SEM dependent superoxide dismutase (Nègre-Salvayre et al. 1997; Casteilla et al. 2001; de Cavanagh et al. 2003; Nilakantan et al. 2005; Piotrkowski et al. 2007) . No changes in H 2 O 2 generation by IFM were detected across treatments. Contrary to SSM, IFM isolated from old rats do not produce larger amount of H 2 O 2 compared with younger animals (Judge et al. 2005a) . This difference has been attributed to a higher bioenergetic efficiency and a richer repertoire of enzymatic and nonenzymatic antioxidant defenses of IFM relative to SSM (Servais et al. 2003; Judge et al. 2005a, b) . It is therefore conceivable that the age-related increase in oxidant generation by SSM is amenable to interventions such as ACE inhibition. In contrast, IFM may be intrinsically protected against excessive ROS production and, thus, less susceptible to pharmacological improvements. Alternatively, it may be hypothesized that the subcellular topology of the two mitochondrial populations could itself impact their responsiveness to treatments. Indeed, SSM, being located directly underneath the sarcolemma, may experience greater exposure to pharmacological agents as well as to eNOS-derived NO compared with IFM, which are situated between the myofibers.
It was unexpected that the mRNA abundance of PCG-1α (Fig. 6b) , the master regulator of mitochondrial biogenesis, was not up-regulated by enalapril. PCG-1α functions as a coactivator of transcription factors, including nuclear respiratory factor 1 and mitochondrial transcription factor A (TFAM), which in turn regulate the expression of several genes crucial for mitochondrial function and for the replication of mitochondrial genome (Kim et al. 2008) . The expression of PGC-1α is regulated by eNOS, such that eNOS-null mice present markedly reduced mitochondrial mass (Nisoli et al. 2003) . ACE inhibition was shown to rescue mitochondrial function and biogenesis in rat skeletal muscle after the induction of myocardial infarction (Zoll et al. 2006 ). These findings have been extended to the heart, liver, and kidney in F344 rats, where enalapril treatment attenuates age-related structural and functional mitochondrial abnormalities and prevents the decrease in mitochondrial mass (de Cavanagh et al. , 1997 (de Cavanagh et al. , 2000 (de Cavanagh et al. , 2003 Inserra et al. 1996; Piotrkowski et al. 2007) . The lack of increase in PGC-1α gene expression in our system may be linked to the "ACE escape" phenomenon. Indeed, ANG II reduces the mitochondrial mass in C2C12 cells in a dose-dependent manner by directly inhibiting the expression of genes involved in mitochondrial biogenesis, including PGC-1α and TFAM (Mitsuishi et al. 2009 ). Similar effects were observed in skeletal muscle of mice after ANG II infusion (Mitsuishi et al. 2009 ). It may therefore be speculated that the lack of reduction of plasma ANG II levels in enalapril-treated rats might have counterbalanced the stimulatory effect of NO on PGC-1α expression. This hypothesis is supported by the reduction of PGC-1α transcript levels observed under enalapril + L-NAME. In this condition, ANG II levels tended to be higher which, together with the lack of NO stimulation, might have down-regulated the expression of PGC-1α. Moreover, in L6 myotubes, NO stimulates mitochondrial biogenesis by inducing the phosphorylation of AMPKα, which in turn up-regulates PCG-1α (Lira et al. 2010) . Hence, the lack of elevation of pAMPKα in enalapril-treated rats could further explain why PCG-1α was not up-regulated despite increased NOS activity. It should also be considered that impairment of muscular mitochondrial function may not be the primary mediator of declining physical performance. Betik et al. (2009) reported that 29-month-old F344BN rats exposed to 5 or 7 months of treadmill training exhibited greater running capacity, survival, and body fat, while aerobic capacity, muscle mass, and mitochondrial enzyme activities declined. Furthermore, perindopril administration in conjunction with endurance training increased exercise tolerance without any discernible impact on oxidative capacity in the plantaris and soleus muscles of female Wistar rats (Habouzit et al. 2009 ). In addition, improvements in strength and physical performance in male F344BN rats after enalapril treatment (Carter et al. 2011) or treadmill training (Marzetti et al. 2008a ) started at advanced age were accompanied by reduced inflammatory and apoptotic signaling in skeletal muscle. Collectively, these findings suggest that amelioration of physical performance elicited by pharmacological or behavioral interventions initiated late in life may not be mediated by improvements in muscular mitochondrial bioenergetics. Rather, modulation of cell death/ survival pathways may be required to preserve skeletal muscle function during aging (Marzetti et al. 2012a, b) .
Whole tissue effects
As predicted, overall TA muscle NOS activity was increased by enalapril, an effect prevented by L-NAME co-administration (Fig. 4) . Gene expression levels of iNOS were decreased (Fig. 5c) , whereas protein levels of nNOS and eNOS were increased by enalapril (Fig. 5a, b) ; however, statistical significance was observed for eNOS only. The effects of L-NAME, alone or in combination with enalapril, on the expression of NOS isoforms were negligible; yet, a small but significant effect was observed for eNOS. This is not surprising given the fact that L-NAME may potentiate iNOS gene expression, whereas it is more selective for both nNOS and eNOS (Miller et al. 1996) . It should be noted that the pattern of NOS activity across experimental groups does not recapitulate that observed for individual NOS isoform expression. While iNOS is mainly controlled at transcription, the activity of eNOS and nNOS is also regulated at the translational and posttranslational levels. For instance, nNOS and eNOS activities are influenced by interaction with heterologous proteins (e.g., heat shock protein-90, calmodulin, and caveolin), phosphorylation/dephosphorylation, and dimerization (both isoforms are active as dimers) (Zhou and Zhu 2009; Rafikov et al. 2011) . It follows that for similar levels of expression, NOS activity can be substantially different depending on the interaction among the abovementioned factors. However, specific mechanisms responsible for the lack of convergence of NOS expression and activity were not investigated in the present study.
Central to the effects described in this report is the down-regulation of TNF-α gene expression elicited by enalapril (Fig. 6a) . TNF-α is a potent inducer of iNOS in skeletal muscle (Torres et al. 2004 ). Accordingly, a decrease in iNOS expression was observed in rats treated with enalapril, which was unaffected by L-NAME co-administration. While this finding may suggest a NO-independent regulation of iNOS by enalapril, it should be considered that chronic L-NAME administration can induce a compensatory up-regulation of this NOS isoform (Miller et al. 1996) . Accumulating evidence indicates that the TNF-α/iNOS axis is centrally involved in the pathogenesis of muscle atrophy and functional decline during aging as well as in the setting of various disease conditions (Hall et al. 2011) . Indeed, iNOS is proposed to be a primary effector of cytokinemediated muscular degeneration (Hall et al. 2011) . TNF-α acts primarily through the transcription factor NF-κB, which is responsible for the regulation of a wide variety of genes, including iNOS (Ghosh and Karin 2002) . Excessive NO generation by iNOS can result in the formation of highly toxic peroxynitrite (ONOO − ) through the reaction of NO with superoxide anions (O 2
•−
). ONOO − in turn can down-regulate MyoD, a transcription factor involved in myogenesis and myocyte maintenance (Guttridge et al. 2000; Di Marco et al. 2005) . The loss of MyoD causes myosin heavy chain depletion (Di Marco et al. 2005) , which compromises the integrity of myofilaments, leading to reduced muscle strength independently of atrophy (Reid et al. 2002) . In addition, increased protein levels of iNOS have been detected in skeletal muscle of old rats in conjunction with Akt S-nitrosylation and dysfunction and reduced levels of the Akt downstream target mTOR (Wu et al. 2009 ). In the present study, the reduction of iNOS mRNA in enalapril-treated animals was concomitant with increased protein content of mTOR (Fig. 7) . This adaptation could have been mediated by improvements in Akt function in spite of unaltered protein levels. Contrary to iNOS, constitutively expressed eNOS and nNOS are involved in the adaptation of skeletal myocytes to mechanical and metabolic stress (Stamler and Meissner 2001) . Age-related alterations in eNOS signaling have been linked to defective endotheliumdependent vasodilatation in skeletal muscle (Delp et al. 2008) . However, these changes are amenable to interventions. For instance, in a study by Song et al. (2009) , treadmill training restored the expression and activity of eNOS and nNOS, while reducing iNOS levels in the white gastrocnemius muscle of old rats. Likewise, Spier et al. (2004) found that treadmill running increased the expression of eNOS in the soleus muscle of aged rats, thereby ameliorating endothelialmediated vasodilatation. The up-regulation of eNOS protein expression by enalapril may therefore constitute a further means whereby ACE inhibition protects muscle function at old age. On the other hand, the lack of elevation of nNOS protein levels after enalapril administration might be linked to a fiber type-specific regulation of this NOS isoform. Indeed, nNOS is more abundant in muscles predominantly comprised of type I fibers relative to fast-twitch muscles, such as the TA (Pullen 1977; Song et al. 2009 ). Moreover, the agedependent decrease of nNOS expression appears to be limited to highly oxidative muscles (Song et al. 2009 ). The possibility that enalapril differentially impacts the expression of nNOS in muscles with distinct fiber type composition warrants further investigation.
Limitations
Although reporting novel findings, the present study presents some limitations that deserve further discussion. First, experiments were conducted on the TA muscle which is mostly comprised of type II fibers. Therefore, our findings may not be extended to muscles with different fiber type composition. In addition, only total NOS activity was determined, which does not allow to infer about the effects of enalapril and NOS blockade on the function of individual isoforms. In our system, enalapril did not up-regulate the expression of PGC-1α, thus opening questions about the impact of ACE inhibition on muscular mitochondrial biogenesis at old age. However, no indices of mitochondrial mass were determined, which does not negate possible changes in mitochondrial number with enalapril treatment. Moreover, the effects of enalapril on mitochondrial dynamics and quality control mechanisms (e.g., macroautophagy) were not assessed. Future studies should evaluate whether enalapril (and ACE inhibitors in general) impact mitochondrial turnover in aged skeletal muscle. Finally, although pharmacodynamic properties are similar for most ACE inhibitors, individual compounds possess distinct molecular characteristics that can impact their pharmacokinetics as well as their ability to function as antioxidant and anti-inflammatory agents (Reid 1997; Van Antwerpen et al. 2006 ). Further investigation is necessary to establish whether single ACE inhibitors differentially affect NO signaling, inflammation, and mitochondrial function in aged muscle.
Conclusion
In summary, our data indicate that the effects of latelife enalapril administration on skeletal muscle are not merely attributable to a dichotomous action on NO or ANG II signaling, but may instead result from the convergence of the two pathways. Based on the current findings and on our previous investigations (Carter et al. 2011 ), enalapril appears to protect against age-related muscle deterioration mainly by attenuating mitochondrial oxidant generation, pro-inflammatory signaling, and cell death pathways, rather than via improvements in mitochondrial biogenesis and insulin sensitivity.
